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Abstract: Islet transplantation is a well-established therapeutic treatment for a subset of 
patients with complicated type I diabetes mellitus. Prior to the Edmonton Protocol, only 9% of 
the 267 islet transplant recipients since 1999 were insulin independent for >1 year. In 2000, 
the Edmonton group reported the achievement of insulin independence in seven consecutive 
patients, which in a collaborative team effort propagated expansion of clinical islet transplan- 
tation centers worldwide in an effort to ameliorate the consequences of this disease. To date, 
clinical islet transplantation has established improved success with insulin independence rates 
up to 5 years post-transplant with minimal complications. In spite of marked clinical success, 
donor availability and selection, engraftment, and side effects of immunosuppression remain 
as existing obstacles to be addressed to further improve this therapy. Clinical trials to improve 
engraftment, the availability of insulin-producing cell sources, as well as alternative transplant 
sites are currently under investigation to expand treatment. With ongoing experimental and clini- 
cal studies, islet transplantation continues to be an exciting and attractive therapy to treat type I 
diabetes mellitus with the prospect of shifting from a treatment for some to a cure for all. 
Keywords: islet transplantation, type I diabetes mellitus, Edmonton Protocol, engraftment, 
immunosuppression 

Introduction 

Type 1 diabetes mellitus (TIDM) is a chronic, progressive autoimmune disorder char- 
acterized by destruction of insulin-producing P-cells within the pancreatic islets of 
Langerhans. Diabetes is a major source of morbidity and mortality due to progressive 
chronic micro- and macrovascular complications. The discovery of insulin by Banting 
et al has allowed diabetes to become a chronically manageable condition. '-^ Today inten- 
sive blood glucose monitoring and frequent daily administration of exogenous insulin 
delays progression of microvascular diseases, including retinopathy and neuropathy, 
but does not entirely prevent these complications.^ Concerted efforts to ameliorate 
the symptoms and complications of diabetes have spaimed beyond administration of 
exogenous insulin to restoration of (J-cell mass through islet transplantation. 

The pioneering experiments by Lacy and Kostianovsky provided the fundamental 
means to introduce islet transplantation as an effective therapy to correct hyperglycemia 
through the ability to isolate a sufficient number of metabolically active and intact islets 
from rodent pancreata.'' While several authors reported correction of hyperglycemia in 
diabetic mice using varied islet doses and success via the intraperitoneal route, Reckard 
et al in 1973 were the first to effectively cure diabetes in a chemically induced model. ^ 
Yet despite these successes, the same principles of isolation and purification could not 
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be applied to larger animals or humans whose glands are 
more dense and fibrous.'' 

Refinements in the methods of islet isolation and puri- 
fication for islet transplantation continued for decades 
with improved success in isolating significant quantities of 
highly pure islet preparations. The intraductal injection of 
collagenase proved an effective method for successful islet 
isolation from large animals and humans*'^ and modifications 
to this procedure progressed. However, the development of 
the Ricordi* Chamber (BioRep, Miami, FL, USA) in 1988 
introduced a semi-automated process that was instrumental 
in consistently isolating and purifying large islet quantities.'" '* 
This method of islet isolation, in conjunction with improve- 
ments in islet purification and transplantation techniques, was 
paramount in the translation of islet transplantation from an 
experimental concept to an efficient clinical treatment modal- 
ity for a selected group of patients suffering from TIDM.'' 

With a rising prevalence of TIDM and a limited supply 
of donor pancreata from scarce organ donors, ongoing efforts 
are being made to improve islet isolation practices and pre- 
vent islet loss, especially in the immediate post-transplant 
period through a series of strategies.' Herein, we outline the 
current status of clinical islet transplantation, the obstacles 
associated with this practice, and strategies used to improve 
islet transplantation outcomes. Lastly, we introduce the 
prospect of modulating the immune system in an attempt to 
abolish the onset of TIDM to circumvent the necessity of 
therapeutic strategies like exogenous insulin administration 
or islet transplantation altogether. 

The evolution of clinical 
islet transplantation 

Outcomes in clinical islet transplantation have progressed 
significantly since its inception, in part due to improved 
islet manufacturing processes, coupled with more effective 
induction and maintenance immunosuppression to protect 
against both auto- and alloreactivity."' Islet-alone transplan- 
tation has recently become an accepted practice to stabilize 
frequent hypoglycemia or severe glycemic lability in highly 
selected subjects with poor glycemic control." While Shcarp 
et al's work established the liver as an ideal site for islet 
transplantation,'^ further work by Najarian et al in 1977 
reported the first successful clinical islet transplant paired 
with the administration of azathioprine and corticosteroids.'^ 
In spite of these advancements, 9% of the 267 islet transplant 
recipients since 1999 were insulin independent for > 1 year.''' 
It was not until 2000 that the Edmonton Protocol reported 
insulin independence in seven consecutive TID patients 
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over a median follow-up of 11.9 months with sustained 
C-peptide.'" Of particular importance, patients had received 
at least two different islet transplants and a mean islet mass 
of 13,000 islet equivalents/kg, as well as a steroid- free 
immunosuppressive regimen with anti-interleukin-2 recep- 
tor antagonist antibody therapy, daclizumab. These results 
were pivotal in driving forward both interest and activity in 
clinical islet transplantation over the subsequent decade and 
resulted in the expansion of islet transplantation programs in 
North America and abroad through remarkable intercenter 
collaboration (Figure 1).'^ 

Current status of clinical 
islet transplantation 

Over the last decade, over 750 islet transplants have been 
performed in over 30 international transplant centers. Without 
doubt, islet transplantation has evolved from an experimental 
strategy to ameliorate the consequences of TIDM to a rec- 
ognized standard clinical therapy. The therapy is only suit- 
able in its current form for patients with unstable glycemic 
control that cannot be corrected by standard conventional 
and intensive insulin therapies.'" Patients with good glycemic 
control and children are not currently considered for islet 
transplantation on account of the need for lifelong chronic 
immunosuppression. A recent trial by Ly et al reported that 
sensor augmented pump therapy with automated insulin 
suspension reduced the rate of moderate and severe hypo- 
glycemia, as well as impaired hypoglycemia awareness 
over a 6-month period in trial participants. However, when 
compared to the standard insulin pump control group, no 
change in glycosylated hemoglobin (HbAj^) was observed. 
On the contrary, islet transplantation has the ability to correct 
HbAj^ to levels that can predictably reverse the secondary 
consequences of diabetes." In a one-way crossover study 
conducted by Thompson et al, it was demonstrated that 
clinical islet transplantation was more effective in reducing 
progression of diabetic retinopathy and nephropathy than 
intensive medical therapy.'* To this extent, the lifelong need 
for immunosuppressive therapy may be readily justified in 
this therapeutic setting. 

In the most recent report released from the Collaborative 
Islet Transplant Registry (CITR), 677 allogeneic islet trans- 
plants have been reported. Results from the CITR indicate 
that 44% of recipients were insulin independent at 3 years 
post-transplant in "new era" of islet transplantation, from 
2007-2010, as compared to 27% of clinical islet transplant 
recipients in 1999-2002.''" Moreover, marked improve- 
ments in clinical islet transplantation have been observed 
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Figure I Number of islet transplant recipients from 1 999—20 1 3 in Edmonton, North America and International Islet Transplant Centers. 

Notes: This data is kindly reproduced with express permission from the CITR Coordinating Center and Investigators. The Collaborative Islet Transplant Registry 201 I 
Seventh Annual Report. Reported data is unavailable from 20 10-20 1 3 for North America and International Islet Transplant Centers.'^ 
Abbreviation: CITR, Collaborative Islet Transplant Registry. 



from 2007-2010 as evidenced by retained C-peptide levels, 
reduction of HbA, , and reduced islet reinfusion rates. " This 
success, in part, can be attributed to shifts in immunosuppres- 
sion strategies. However, improvements to islet engraftment 
and subsequent survival are critical in achievement of durable 
insulin-independence. 

Within North America, few islet transplant centers are 
currently active despite the substantial transplant activity 
of international islet transplant centers. This is reflected in 
the classification of islet transplantation as an experimental 
therapy in the United States, resulting in a lack of available 
funds to conduct and support large scale clinical trials. 
Currently, two pivotal Phase III clinical trials are being con- 
ducted in specialized islet transplantation centers through 
the Clinical Islet Transplant (CIT) Consortium (CIT-06 and 
CIT-07, NCT00468 1 1 7 and NCT004348 1 1 , respectively), in 
an effort to support the US Food and Drug Administration 
biological license application mandate. Successful licensure 
will inevitably recognize islet transplantation as a clinical 
therapy, expanding its therapeutic benefit for patients with 
TIDM in the United States. 

The University of Alberta's Clinical Islet Transplant 
Program continues to be the most active center participating 
within the CITR. In 2013 alone, 66 islet transplants were 
conducted at the Edmonton site. The Edmonton group also 
reports that of over 200 patients transplanted with more than 
400 intraportal islet preparations, 79% of recipients continue 



to show full or partial islet graft function.^" The median 
duration of insulin independence is 34.6 and 1 1 months 
for subjects with full or partial graft function, respectively, 
whereas the duration of C-peptide is 53.3 and 70.4 months, 
respectively, for those same patients. ^""^^ 

Prior to the Edmonton Protocol, insulin independence 
was an uncommon achievement. Though clinical success 
has improved markedly over the past 14 years, further 
obstacles must be overcome if islet transplantation is to be 
more broadly applied in the T 1 DM population. Such remain- 
ing challenges include expansion of the islet donor supply, 
improving islet isolation techniques, strategies to improve 
engraftment, mediating the anti-inflammatory response 
post-transplant, and improving recipient immunosuppres- 
sion regimens. Several clinical trials are currently under 
active investigation to address these obstacles in an attempt 
to improve this important therapy (Table 1). 

Clinical islet transplantation: 
obstacles and refinements 

Donor selection and availability 

The number of pancreas donors required to treat one recipient 
limits the number of transplants that can occur. A component 
of islet transplantation that may improve clinical outcomes is 
donor selection. Retrospective studies at single centers have 
identified several donor-related variables that may contribute 
to islet isolation outcomes. These variables include donor 
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Table 1 Summary of current clinical trials with refinements in islet transplantation 


Category 


Trial ID 


Description 


Institution 


Estimated 
completion date 


Islet alone 


NCT004348I 1 


Islet transplantation in type 1 diabetes - 
phase 3 (CIT-07) 


National Institute of Allergy 
and Infectious Diseases 


May 2014 


Islet - Kidney 


NCTOI 123187 


Islet cell transplantation in patients with type 1 
diabetes with previous kidney transplantation 


University Hospital, Lille 


March 2015 




NCTO 124 1864 


Islet transplantation in type 1 diabetic 
kidney allograft 


University of Chicago 


December 20 1 6 




NCTOI 705899 


Islet allotransplantation in type 1 diabetes: 
phase 1 trial comparing islet alone vs islet 
after kidney transplantation 


Ohio State University 


May 20 17 




NCT00784966 


Islet after kidney transplant for type 1 diabetes 


Virginia Commonwealth 
University 


September 20 1 7 




NCT00468I 17 


Efficacy of islet after kidney transplantation — 
phase 3 (CIT-06) 


National Institute of Allergy 
and Infectious Diseases 


December 2018 


Alternative 


NCT007902S7 


Safety and efficacy study of encapsulated human 


Cliniques universitaires 


December 20 1 3 


transplant sites 




islets allotransplantation to treat type 1 
diabetes (subcutaneous space) 


Saint Luc Universite 
Catholique de Louvain 






NCTO 1722682 


Bone marrow versus liver as site for islet 
transplantation 


Ospedale San Raffaele 


November 2014 




NCTOI 6529! 1 


A phase l/ll study of the safety and efficacy 
of sernova's Cell Pouch™ for therapeutic 
islet transplantation (subcutaneous space) 


University of Alberta 


December 2014 




NCTO 1379729 


Functional survival of beta cell allografts 
after transplantation in the peritoneal cavity 
of non-uremic type 1 diabetic patients 


Ziekenhuis Brussel/ 
Ziekenhuizen Leuven 
Belgium 


May 2018 


Complications 


NCTOI 148680 


Trial comparing metabolic efficiency of islet 
graft to intensive insulin therapy for type 1 
diabetes treatment 


University Hospital, 
Grenoble 


December 2014 




NCT008S3424 


A comparison of islet cell transplantation 
with medical therapy for the treatment 
of diabetic eye disease 


University of British 
Columbia 


June 2015 


Refined portal 


NCT00679042 


Islet transplantation in type 1 diabetic patients 


University of Illinois 


December 20 1 3 


vein protocols 




using the University of Illinois at Chicago 
protocol 








NCT00789308 


Safety and effectiveness of low molecular 
weight sulfated dextran in islet transplantation 


National Institute of Allergy 
and Infectious Diseases 


August 2014 




NCT0I8I79S9 


Study to assess efficacy and safety of reparixin 
in pancreatic islet transplantation 


Multi-Centers International 


November 2014 




NCTOOS 30686 


Pancreatic islet cell transplantation - a 
novel approach to improve islet quality 
and engraftment 


Baylor Research Institute 


December 2014 




NCTO 1653899 


Caspase inhibition in islet transplantation 


University of Alberta 


June 2015 




NCTO 1897688 


A phase 2 single center study of islet 
transplantation in non-uremic diabetic patients 


Northwestern University 


June 2015 




NCTOI 186562 


Sitagliptin therapy to improve outcomes 
after islet autotransplant 


University of Minnesota 


September 2015 




NCTO 1630850 


Islet transplantation in patients with (brittle) 
type 1 diabetes 


University of Chicago 


June 2019 




NCTO 1 974674 


Allogeneic islet transplantation for the 
treatment of type 1 diabetes (GRIIF) 


Assistance Publique — 
Hopitaux de Paris 


January 202 1 




NCTO 1909245 


Islet cell transplant for type 1 diabetes (TCD) 


City of Hope Medical Center 


July 2021 


Alternative 


NCT00646724 


Co-transplantation of islet and mesenchymal 


Fuzhou General Hospital 


January 2014 


cellular therapies 




stem cell in type 1 diabetic patients 








NCTO 13502 19 


Stem cell educator therapy in type 1 diabetes 


Tianhe Stem Cell 
Biotechnologies Inc. 


September 2014 




NCTO 1736228 


Open-label investigation of the safety and 
efficacy of DIABECELL in patients with TIDM: 
xenotransplantation of encapsulated porcine 
islets into the peritoneal cavity 


Living Cell Technologies 


December 2014 



(Continued) 
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Table I {Continued) 



Category Trial ID Description Institution Estimated 

completion date 



NCTO 134 1899 


Efficacy and safety study of autologous 
hematopoietic stem cell transplantation 
to treat new onset type 1 diabetes 


Nanjing University 
Medical School 


December 2015 


NCTO 1285934 


A trial of high dose immunosuppression and 
autologous hematopoietic stem cell support 
versus intensive insulin therapy in adults 
with early onset T 1 DM 


University of Sao Paulo 
General Hospital 


December 2016 



Abbreviations: CIT, Clinical Islet Transplant; GRIIF, allogeneic islet transplantation for the treatment of type I diabetes; TIDM, type I diabetes mellitus; TCD, T-cell 
depletion. 



age, cause of death, body mass index (BMI), cold ischemia 
time, length of hospitalization, use of vasopressors, and blood 
glucose levels.^^"'" In most cases, a larger pancreas contains 
a larger P-cell mass, however, pancreas weight is not a donor 
selection criterion since a value cannot be obtained prior to 
procurement.^'-^' In a study analyzing data from 345 deceased 
donors, it was determined that BMI correlates with pancreas 
weight but body surface area is a better predictor of pancreas 
weight than BMI.^' Several groups have indicated that BMI 
positively affects islet yield, which leads many to consider 
BMI as an important donor factor influencing islet isolation 
outcome.^'"^' However, this view has led to the misconception 
that an obese donor is a good candidate for successful islet 
isolation and transplantation. To date, "optimal" pancreata 
are allocated for whole organ transplantation in most cen- 
ters, as this procedure has historically established success 
in single-donor transplant scenarios. This procedure is not 
without inherent perioperative risks. Supporting this notion 
is a recent report by Berney and Johnson who conclude that 
the islet mass transplanted does not unequivocally correlate 
with islet graft function. Further arguing that based on these 
premises donor selection criteria for islet transplantation and 
hence allocation rules (pancreas for whole organ or islet 
transplant) may need to be redefined." 

A scoring system based on donor characteristics that can 
predict islet isolation outcomes was previously developed by 
O' Gorman et al and has been an instrumental tool in assessing 
whether a pancreas should be processed for islet isolation.^'' " 
Though this tool has been sufficient in determining organs 
for islet isolation, it does not predict islet transplant outcome. 
Similarly, other published studies dealing with donor factors 
do not take transplant outcome into consideration.^^-^"''^'^"' 
A prospective scoring system that takes both islet isolation 
and transplantation outcomes into consideration would be 
more advantageous. 

Expansion of organs available for islet transplantation may 
be made possible through the use of donation after cardiac 



death (DCD) donors. The use of DCD donors compared to 
their brain dead counterparts has varied results and may not 
be entirely promising. Japan has extensive experiences with 
DCD donors for organ transplantation and has optimized 
retrieval practices in these donors, as well as the Kyoto pres- 
ervation solution and the two-layer preservation method.^' 
In the most recent report for islet transplantation from DCD 
donors, overall graft survival was 76.5%, 47. 1%, and 33.6% 
at 1, 2, and 3 years, respectively." Moreover, corresponding 
graft survival after multiple transplantations was 100%, 
80.0%, and 57.1%, respectively. Islet transplant recipients 
remained free from severe hypoglycemic episodes, while 
three achieved insulin independence for 14, 79, and 215 
days." These encouraging results suggest the benefit of 
DCD as an expanded organ source for islet transplantation, 
particularly in countries where heart beating donors may 
not be readily available, though strict release criteria may 
be imperative to achieve desirable and consistent transplant 
outcomes. 

Pancreas digestion and islet isolation 

Due to the multifaceted composition of the pancreas, islet 
isolation from the pancreas involves dissociation of islets 
from the exocrine pancreas by enzymatic digestion combined 
with mechanical agitation. Successful islet transplantation 
is initially contingent on the isolation of high islet yields, 
ensuring that this process inflicts significantly minimal 
damage. Subsequent to isolation, islets are then purified by 
density gradient centrifugation. To ensure optimal isolation 
will provide a sufficient islet yield without compromising 
high purity, integrity, and viability, a critical balance of 
composition, process, and duration of collagenase digestion 
is required. The enzymatic digestion process disrupts islet- 
to-exocrine tissue adhesive contact. Suboptimal collagenase 
composition leads to incomplete digestion of islets from 
exocrine tissue along with reduced yield, decreased purity, 
increased duration of collagenase exposure adversely affects 
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within-islet cell-to-cell adhesion, leading to loss of islet 
integrity and viability. Thus, the use of highly pure and intact 
coUagenase preparations is desirable to isolate pure islets 
with the least possible damage to the islets themselves.^' The 
culturing of islets postisolation is critical for their recovery 
from isolation-induced damage, however this may be at the 
cost of impaired revascularization subsequent to transplant, 
due to the loss of intraislet endothelial cells during this culture 
period. Sufficient oxygen and nutrient supply is a primary aim 
of culture conditions for human islet preparations. Moreover, 
the maintenance of the tridimensional islet cluster, as well 
as preventing islet mass loss should also be accomplished 
during the culturing phase. Though sufficient investigation 
of optimal culture conditions has occurred to date, protocols 
have yet to be standardized, and culture conditions may 
vary between islet isolation centers.'"' Other considerations 
like media composition, seeding density, and incubation 
temperature play a significant role in maintaining viability 
and recovery.'"' 

Further to extracellular culture requirements, the use 
of slightly impure islet preparations and coculture with 
extracellular matrix components like collagen were shown 
to enhance the viability and function of isolated islets.'" In 
addition, islet coculture with pancreatic ductal epithelial 
cells were also shown to maintain islet viability and function 
postisolation.''^ One essential component of the extracel- 
lular matrix, pancreatic ductal epithelial cells have been 
considered as putative stem cells for islets. The cells have 
been shown to play a critical role in secreting appropriate 
growth factors that support islet viability. In a pivotal study 
by Gatto et al, culturing techniques, like long-term culture 
and cryopreservation, had a negative impact on the viability 
of human islet preparations. These events were shown to be 
ameliorated when cocultured with ductal epithelial cells at 
33°C.''^ It has also been established that coculture of islets 
with ductal epithelial cells assisted with the maintenance 
of structural integrity and prolonged viability." Due to the 
conditions of the islet isolation procedure, islets become 
disconnected from their blood supply. As a result, hypoxic 
events during culture impact islet viability.'*''''^ Although it 
may be difficult to prevent a hypoxic condition of the inner 
islet cell mass during in vitro culture, genetic modulation of 
islets to express genes that promote rapid revascularization 
upon transplantation and reduced culture time could play an 
important role in preventing hypoxic damage to the islets.''* 
Furthermore, the use of chemical agents that attenuate the 
downstream effects of hypoxia during culture may also be a 
feasible strategy to improve islet viability postisolation and 
prior to transplantation. 
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Islet engraftment 

After transplantation, to adequately survive and fiinction, islets 
depend heavily on the diffusion of oxygen and nutrients from 
the surrounding microenvironment. To regain proper islet 
function, new capillaries and blood vessels form to rebuild 
their old capillary network. The new network is derived from 
both the recipient blood vessels and from the remnant donor 
islet endothelium. This revascularization process may initiate 
as soon as 1-3 days post-transplant and may conclude around 
day 14."" Multiple studies report the enormous stress to which 
the islets are exposed during the first days after transplant." '" ''^ 
Multiple factors combine and contribute to apoptosis and cell 
death, resulting in islet tissue loss of around 60%.''^ 

Research efforts to improve intrahepatic islet delivery 
have identified multiple mechanisms that limit islet engraft- 
ment and long-term function. Intrahepatic transplantation 
is a minimally invasive portal infusion that results in islet 
entrapment within hepatic sinusoids. This vascular space 
provides nutritional and physical support for islets, which is 
an essential role given that the islet isolation process strips the 
islets of their dense vasculature and specialized extracellular 
matrix."'-^" However, the hepatic portal vasculature can also be 
considered as a hostile environment that limits islet engraft- 
ment and function.^' For example, although the liver offers 
an abundant vascular supply, parenchymal oxygen tension is 
well below that of the pancreas and is not conducive to islet 
survival." " Since many more islets must be transplanted 
to reverse diabetes, a significant portion of the transplanted 
islets fails to engraft and become functional. It has been 
estimated that up to 70% of the transplanted P-cell mass may 
be destroyed in the early post-transplant period.''^ 

A primary culprit of acute graft loss is the instant blood- 
mediated inflammatory reaction (IBMIR), which negatively 
influences islet engraftment through expression of tissue 
factor, resulting in platelet adherence, activation, clot forma- 
tion, and lymphocyte recruitment.'-^'' The direct impact of 
IBMIR on early loss of islet function and mass has yet to be 
fully characterized. However, given that platelet activation is 
one of the primary contributing factors in the generation of 
an inflammatory response, IBMIR is most likely one of the 
key processes that elicits an early immune response.""^' In a 
study conducted by the Uppsala Group, it was demonstrated 
that IBMIR is initiated upon intraportal infiision.'''' Further to 
IBMIR, inflammatory events, like the activation of natural 
killer T-cells have also been linked to early islet loss associ- 
ated with intraportal infusion." 

During engraftment, transplanted islets are continuously 
exposed to immunosuppressive drugs, including tacrolimus 
and sirolimus, which are known to adversely impact P-cell 
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survival and function.''^ Taken together, these negative effects 
are hkely compounded by the proximity of the transplanted 
islets to high concentrations of these drugs in the hepato- 
portal circulation, further contributing to loss in P-cell mass 
over time.'-' 

Strategies to monitor islets postintraportal infusion have 
provided valuable insights to acute islet engraftment but 
have been limited in their implementation long-term. To be 
clinically relevant, the ideal imaging modality should be 
noninvasive, nontoxic to islets, and allow for serial imaging 
over time in the same patient.''' To date, magnetic resonance 
imaging (MRI) and positron emission tomography (PET) are 
at the forefront of intraportal islet imaging. Though MRI has 
the ability to provide high spatial resolution, it lacks long- 
term application, as iron overload has been a primary tech- 
nical obstacle.''^'''' A recent preclinical study using cationic 
nanoparticle-labeled mouse islets showed superior uptake 
efficiency while yielding in vivo function as evidenced by 
restoration of normoglycemia in kidney capsule recipients.''' 
Ultimately, translation of this promising method to the 
clinical setting will require successful uptake in human islet 
preparations, illustrate in vivo function when transplanted 
intraportally, and have the ability to be imaged long-term. 

While the spatial resolution of PET is low compared 
to MRI, it offers superior sensitivity and specificity when 
using ['*F]fluoro deoxy-glucose-labeled islets. This modality 
was essential in elucidating islet loss in the acute transplant 
phase. In spite of the advantages associated with PET, 
long-term utility of this imaging modality is primarily lim- 
ited to washout of radioactive tracers once islets have made 
contact with blood in the portal vein.''' Without question, 
the ability to overcome the obstacles associated with these 
imaging modalities will be paramount in improving engraft- 
ment outcomes. 

Alternative islet transplantation sites 

Today, intrahepatic islet infusion via the portal vein accounts 
for virtually all clinical islet transplants conducted worldwide. 
While percutaneous portal vein infusion offers a minimally 
invasive procedure with the ability to regulate glycemic levels 
through portal insulin delivery,™ it is not without potential 
procedural risks such as portal thrombosis and bleeding." 
A significant amount of intraportal islet mass is lost imme- 
diately post-transplant due to innate immune pathways 
involving platelet and complement activation described in 
the "Islet engraftment section". As such, extrahepatic islet 
transplantation has drawn focused attention recently to 
identify an optimal site to achieve sustained post-transplant 
insulin independence. 



An ideal engraftment site should provide an adequate 
space to accommodate a large volume of transplanted islets, 
within close proximity to vascular networks supplying suf- 
ficient oxygen and nutrients during the revascularization 
period. Moreover, the site should prevent early islet loss 
due to host inflammatory reactions, while also providing 
accessibility for transplantation procedures and retriev- 
ability, if necessary.'^ Retrievability is paramount should 
insulin-producing stem cells therapies be translated into 
clinical practice. 

Numerous sites have been proposed and tested, both 
experimentally and in some cases clinically, including 
the liver, kidney subcapsule, spleen, pancreas, omentum, 
gastrointestinal wall, immune privileged sites, and sub- 
cutaneous spaces. While some alternative sites may be 
advantageous in experimental models, their feasibility 
and translation into clinical settings is limited to date. For 
example, when compared to intraportal infusion in mice, 
a smaller islet mass is required to reverse hyperglycemia 
in the renal subcapsular space." '" Clinically, however, the 
renal subcapsular site is less favorable, as a greater islet 
mass is required than intraportal infusion and is much 
more invasive surgically.'^ Pepper et al and Veriter et al 
have summarized the utility of alternative transplant sites 
in experimental models and their prospective applicability 
to the clinical setting.'^"" 

Of the alternative transplant sites studied to date, the 
subcutaneous space may be considered attractive for mul- 
tiple reasons. The subcutaneous site offers accessibility, and 
potential for biopsy access.'" Subcutaneous transplantation 
of islets has been developed using alternative approaches 
including preimplantation and vascularization of subcuta- 
neous devices, encapsulation of islets, or a combination 
of both approaches.'^ Subcutaneous devices can be eas- 
ily implanted, accessed for subsequent transplantation, 
as well as retrieved.'^" The subcutaneous space is limited 
however by its poor blood supply, which may considerably 
compromise islet function and engraftment. Experimental 
studies support this notion, as prevascularized devices prior 
to transplantation increased islet survival, as evidenced 
by improvements in hyperglycemia.'*" When immune- 
isolating devices are placed under the skin, they may require 
an enhanced oxygen supply from an external source, as 
they are impermeable to vascular ingrowth. Currently, 
this technology is being tested in preclinical and clini- 
cal studies through the use of an implantable bioartificial 
pancreas.*"'*' Barkai et al have reported that an enhanced 
subcutaneous bioartificial pancreas containing a refillable 
oxygen reservoir was capable of maintaining islet function. 
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as well as demonstrating immunoprotective characteristics 
in allogeneic and xenogeneic models.^" Moreover, in an 
allogeneic human islet transplant setting using the same 
subcutaneous device, prolonged graft fianction and regulated 
insulin secretion without the need for immunosuppressive 
therapy was demonstrated.*' The prospect of such a device is 
an attractive option in that it can be easily retrieved, reduces 
need for chronic immune suppression and may expand the 
utility of insulin-producing cells from an alternative supply, 
including stem cells and xenogeneic sources. 

While intraportal islet infusion has clinically demon- 
strated the ability to abrogate TIDM, there continues to 
be an ongoing need to identify an alternative transplant 
site to optimize long-term clinical outcomes. Experimental 
investigation has provided potential alternatives to restore 
normoglycemia, although some approaches have suggested 
technical and/or physiological limitations. Conversely, 
other extrahepatic sites may hold promise in promoting 
(3-cell viability, restoration of indefinite normoglycemia, 
and the prospect of eliminating immunosuppression in the 
allograft recipient. 

Alternative sources 

of insulin-producing cells 

Improving the availability of insulin-producing cells can also 
be achieved through the generation of P-cells from human 
pluripotent stem cells. In a pivotal study by D'Amour et al, 
human pancreatic hormone -producing cells were devel- 
oped in vitro from a human pluripotent stem cell source. 
Examination of the insulin-expressing cells in these cultures, 
however, revealed a polyhormonal and nonfiinctional phe- 
notype.*^ Subsequent to these studies, Kroon et al developed 
pancreatic endoderm derived from human embryonic stem 
cells. Notably, fimctional endocrine cells were generated in 
vivo when pancreatic endoderm was engrafted in immune 
compromised mice. The insulin-expressing cells generated 
postengraftment exhibited properties of functional P-cells and 
were capable of restoring normoglycemia when transplanted 
in diabetic mice.*^ These studies were fundamental in the 
establishment of a robust methodology for consistent, large 
scale production of this cellular source by Schulz et aP" which 
will undoubtedly serve as a platform to circumvent cadaveric 
donor shortages by providing a potentially unlimited supply 
of insulin-producing cells for clinical application. 

Improvements in immunosuppression 

The Edmonton Protocol established the immunosuppres- 
sion scheme that utilized the combination of sirolimus, 
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low dose tacrolimus, and daclizumab in an effort to prevent 
the deleterious effects of calcineurin inhibitors and steroids.^^ 
However, insulin independence was not durable long-term, 
as most patients returned to modest amounts of insulin 
despite the elimination of recurrent hypoglycemia by 5 years 
post-transplant, clearly indicating room for improvement.*"" 
Undoubtedly, a primary challenge to islet transplantation is 
the prevention of alloreactivity in addition to the recurrence 
of autoimmunity against insulin producing P-cells.^* 

It is unlikely that a monotherapy will optimize clinical 
islet transplantation outcomes and lead to single donor 
recipients, due to the multiple pathways known to contrib- 
ute to P-cell attrition, as well as the alloresponse to foreign 
antigens.*'' The implementation of highly potent and selec- 
tive biological agents for the initiation and maintenance 
of immunosuppression has made significant progress in 
reducing the frequency of acute rejection, prolonging graft 
survival, and minimizing the complications of these thera- 
peutic schemes. Improvements to single donor success 
rates were reported at the University of Minnesota through 
combining anti-inflammatory biologies to maintenance 
immunosuppression.** *' In addition, peritransplant insulin 
and heparin administration greatly increased the success 
rate of single donor islet transplants from 10% to 40%.'° 
Furthermore, the blockade of tumor necrosis factor-alpha 
with etanercept has also enhanced single donor islet trans- 
plant outcomes.*'"" 

The clonal depletion of alloreactive T-cells appears to 
promote a hyporesponsive environment and peripheral 
mechanisms of anergy, thus driving the shift towards toler- 
ance.''''^ Substantial improvements in long-term insulin 
independence (>5 years) have been made possible through 
induction agents such as alemtuzumab in conjunction with 
tacrolimus/mycophenolate mofetil that drive the process of 
T-cell depletion." Combined immunosuppressive strategies 
have shown significant therapeutic benefit as reported by 
Posselt et al. In the absence of calcineurin inhibitors, costimu- 
lation blockage using belatacept (inhibiting CD80-CD86 
interactions) in conjunction with T-cell depletion induction 
led to insulin independence with islets from a single donor 
and prolonged allograft survival."" 

The long-term success of islet transplantation, in part, is 
contingent on the successfiil establishment of an immunosup- 
pressive regimen that promotes self-tolerance. A tolerizing 
regimen that utilizes biologies and techniques that selectively 
target donor reactive T-cells while expanding populations of 
regulatory T-cells, in an "islet friendly" manner will undoubt- 
edly lead to the definitive cure of TIDM. 
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Immunomodulation: a method 
to prevent T I DM? 

While obstacles and risks associated with islet transplanta- 
tion still exist, alternative strategies to eliminate the onset 
of TIDM through immunomodulation have been proposed 
in experimental and clinical settings. Investigation of such 
strategies has been implemented in an effort to prevent the 
progression of P-cell destruction and clinical disease onset 
without the need to transplant islets to restore euglycemia. To 
effectively establish such a feat would require identification 
of genetic, immunologic, and metabolic parameters linked 
to TIDM." Although extensive efforts have been made to 
identify such markers, success in these studies has been 
limited.'* This can be attributed to the multicomponent and 
heterogeneous immunologic response between patients that 
renders single component therapies useless in preventing 
disease onset." The aim of immunomodulation in TIDM, 
albeit through pharmacological or cellular replacement 
therapies, is to enhance regulatory immune cells to restore 
self-tolerance or eliminate pathogenic cells responsible for 
the destruction of pancreatic P-cells. 

Pharmacological approaches of immune modulation to 
date include antigen-specific agents, as well as nonantigen 
specific agents. An example of antigen-specific immune 
therapies undergoing clinical investigation include gluta- 
mate decarboxylase (GAD)65, identified over 20 years ago 
as a (3-cell specific autoantigen." Experimental and clinical 
studies exploiting GAD65 in TIDM onset have elicited con- 
flicting results between animal and human trials. For example, 
the spontaneous onset of TIDM in nonobese diabetic mice 
was abrogated when treated with recombinant GAD65."'°"" 
Conversely, a recent trial has established that immunization 
with GAD65 was ineffective in ameliorating P-cell destruc- 
tion in patients with recent onset diabetes.'"^ A critical 
component to these contradictory findings is the temporal 
relationship between therapeutic administration and disease 
onset. In NOD mice, treatment occurred prior to the onset 
of disease, while administration in humans occurred after 
the clinical manifestation of the disease.'"^ Taken together, 
these observations emphasize the importance of identifying 
markers for disease onset so that such therapies can be useful 
in rescuing from disease. 

An example of nonantigen specific pharmacological 
agents used as a prospective immunomodulatory therapy is 
the use of teplizumab, an FcR nonbinding anti-CD3 monoclo- 
nal antibody. FcR nonbinding of anti-CD3 induces adaptive 
regulatory T-cells as evidenced from preclinical and clinical 
studies.'"'*'"'^ Anti-CD3 is among the most extensively studied 



immunological approaches to abrogate TIDM.""" Compelling 
preclinical results using anti-CD3 in diabetic NOD mice 
elucidated prolonged remission of disease and achievement 
of immunologic tolerance."" '"' A recent trial further estab- 
lished a protective effect on P-cell function for 1 to 2 years 
as indicated by preserved C-peptide levels though protective 
effects diminished and disease progression ensued in some 
recipients.'"* Further clinical investigation into the approach 
to ameliorate disease onset using anti-CD3 is warranted based 
on preclinical and clinical outcomes observed to date. 

The evaluation of pharmacological agents as an immune 
intervention to prevent residual P-cell loss and reestablish the 
autoimmune response has been evaluated in many clinical 
trials.""""^ Although these therapies showed an improvement 
in C-peptide levels when compared to placebo groups, these 
effects were not maintained when immunosuppressive thera- 
pies were discontinued. As a means to circumvent this event, 
a pivotal study by Voltarelli et al established a therapy of high 
dose cyclophosphamide administration followed by autologous 
nonmyeloablative hematopoietic stem cell transplantation in 
newly diagnosed TIDM patients. The compelling results of 
this clinical trial established self-tolerance, as evidenced by 
increased C-peptide levels and insulin independence in 93% 
of the study participants. It should be noted, however, that the 
mechanism of tolerance in this instance is not fully understood 
and cannot be definitively attributed to either T-cell regulatory 
suppression or clonal deletion.'" While this study does show 
promise, the use of a potentially toxic immunosuppressive 
agent like cyclophosphamide may not warrant this as a pro- 
spective therapy to prevent TIDM due to long-term compli- 
cations related to high dose cyclophosphamide. The goal to 
establish "immunological reset" to prevent P-cell destruction 
and the onset of TIDM is an attractive therapy that may be 
attainable with the use of more safe and effective immunosup- 
pressive therapies and anti-inflammatory agents, paired with 
autologous stem cell transplantation. 

Conclusion 

Undoubtedly, islet isolation and transplantation, introduction 
of the Edmonton Protocol, and subsequent important devel- 
opments internationally have played major roles in improving 
the results and activity of clinical islet transplantation. While 
islet transplantation cannot currently be defined as a cure for 
TIDM, the therapy can offer remarkable stability of glyce- 
mic control and correction of HbA^^, providing an increas- 
ing number of patients with sustained periods of complete 
independence from insulin. Prevention of life threatening 
hypoglycemia is a major advancement that can often not be 
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sustained by optimized exogenous insulin therapy. In parallel 
to the strategies implemented to overcome limitations associ- 
ated with islet transplantation, alternative methods to drive 
self-tolerance and prevent the onset of TIDM are also under 
investigation. Nevertheless, concerted efforts to improve the 
lives of those afflicted with T 1 DM rapidly drive the transition 
from experimental research to clinical care. 
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